1. Introduction {#sec1-1}
===============

Photoacoustic (PA) imaging is based on light absorption and detects ultrasound signals generated through non-radiative energy conversion of light and thermoelastic expansion. Near infrared wavelengths exhibit low absorption coefficient and relatively low scattering cross-section in biotissues, so the optical window in the 700 to 900 nm range allows light to penetrate relatively deep \[[@r1]\]. In addition, system parameter optimization, sophisticated signal processing and high laser power can also improve image quality \[[@r2]\]. Furthermore, the PA signal can be enhanced by contrast agents, such as Indocyanine Green (ICG) dye \[[@r3]\] and silica-coated super paramagnetic iron oxide nanoparticles (SPION) \[[@r4]\]. Even though these methods can improve SNR and imaging depth significantly, contrast agents are not without health risks and are, therefore, invasive.

The widely accepted body temperature of a healthy adult is approximately 37°C \[[@r5],[@r6]\]. Normal body temperature changes from person to person and different parts of the human body have different normal temperature. The upper limit of a normal body temperature is 38°C, and the lower limit is 35°C \[[@r7]\]. In summary, the literature indicates that mean normal adult body temperature ranges from 35.5 to 37°C \[[@r7]\].

Studies show that raising the temperature of the whole human body up to 41.8°C for less than an hour is generally safe \[[@r8]\]. With localized heating, most normal tissues such as liver, kidney, and muscles can withstand temperature up to 44°C for 30 minutes \[[@r8]--[@r10]\]. However, the central nervous tissue is most sensitive to temperature, and damage was found after exposure to over 42°C for longer than 30 minutes \[[@r9],[@r11]\]. The skin is less sensitive to increased temperature than other tissues, and the recommended maximum contact temperature without burn injuries is 43°C for the maximum time of 8 hour \[[@r12]\]. The safe exposure time of skin is shortened by about 50% for each temperature degree increase up to 50°C, and it sustains no injury when exposed to 60°C for only a few seconds \[[@r12]\].

Temperature can affect PA signals; the signal becomes stronger at higher temperatures \[[@r13]--[@r15]\]. This phenomenon has been used for temperature monitoring \[[@r14]\] and imaging improvement \[[@r15]\]. However, a detailed study of the PA signal increase with temperature has not been reported to the best of our knowledge. In this paper, we investigate the details of the temperature dependence of parameters influencing the PA signal, and we present a technique for using heat as a method to increase PA signal strength, signal-to-noise ratio, and PA imaging depth.

2. Theoretical background {#sec1-2}
=========================

Frequency domain photoacoustics (FDPA) uses modulated continuous wave (CW) laser beams which, upon absorption, generate temperature oscillations in a sample and produce thermoelastic acoustic pressure oscillations.

The response amplitude spectrum $\left| {\widetilde{p}(\omega)} \right.\left. \middle| {} \right.$ of the acoustic pressure is generated by the spatially distributed energy source spectrum$\widetilde{E}(\omega)$ \[J/m^2^\] in a chromophore and can be described in one dimension by \[[@r16]--[@r18]\]:$$\left| {\widetilde{p}(\omega)} \right| \approx \frac{\mu_{a}\beta c_{a}^{2}e^{- \mu_{ef}z}}{C_{p}\sqrt{\mu_{a}^{2}c_{a}^{2} + \omega^{2}}}E_{0} = \frac{\mu_{a}\Gamma e^{- \mu_{ef}z}}{\sqrt{\mu_{a}^{2}c_{a}^{2} + \omega^{2}}}E_{0}$$where $\omega$\[rad/s\] represents the angular modulation frequency, $\mu_{a}$ \[m^−1^\] is the absorption coefficient, $\beta$ \[°C^−1^\] is the volume thermal expansion coefficient, $c_{a}$\[m/s\] is the speed of sound, $\mu_{ef}$\[m^−1^\] is the effective attenuation coefficient, z \[m\] is the distance, $E_{0}$\[J·Hz/m^2^\] is the frequency modulated light intensity at the surface of the absorber,$C_{p}$\[J/kg°C\] is the specific heat capacity at constant pressure, and $\Gamma = \frac{\beta c_{a}{}^{2}}{C_{p}}$is the Gruneisen parameter. From [Eq. (1)](#e1){ref-type="disp-formula"}, we can deduce that the amplitude of the PA signal is proportional to the square of the speed of sound $c_{a}$, absorption coefficient$\mu_{a}$, thermal expansion coefficient $\beta$and light intensity $E_{0}$, but inversely proportional to the specific heat capacity$C_{p}$ and $\omega$for $\omega \gg \mu_{a}c_{a}$. The phase *θ* of the pressure spectrum can be derived as:
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In frequency domain signal processing, the Fourier transforms of the detected $s_{t}$and the reference signal$r_{t}$ are $s(\omega)$and$r(\omega)$, respectively. In turn, the complex conjugate of the reference signal$r^{*}(\omega)$ is obtained. After convolution of $r^{*}(\omega)$ with $s(\omega)$ and inverse Fourier transformation (IFFT), the cross-correlation result$R(t)$ is obtained as follows \[[@r19]\]:
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In terms of molecular composition, bio-tissues are a mixture of water, proteins, nucleic acids, lipids, carbohydrates and mineral components \[[@r20],[@r21]\]. A typical composition of beef muscle approximately consists of 75% water, 19% protein, 3% fat, 1% fiber, 1% carbohydrate, and 1% ash \[[@r20],[@r21]\].

Composition-based thermal property prediction methods use composition data for the estimation of the thermal expansion coefficient and the specific heat capacity of biotissues. The specific heat capacity $C_{p}$can be obtained from the mass weight percentage of the specific heat capacities of the tissue components \[[@r22],[@r23]\]:$$C_{p} = {\sum{C_{p}^{i}w_{i}}}$$where $C_{p}^{i}$is the specific heat capacity of a specified tissue component, and $w_{i}$is the mass fraction of a tissue component. The density $\rho$ can be calculated as \[[@r22],[@r23]\]:$$\rho = {\sum{\rho^{i}w_{i}}}$$where$\rho^{i}$is the density of the specified tissue component. From the density values at different temperatures, the volume change and thermal expansion coefficient can be estimated.

The estimated results of a typical beef muscle ([Figs. 1(a)](#g001){ref-type="fig"}Fig. 1(a) Estimated Thermal Expansion Coefficient of Beef Muscle as a Function of Temperature. (b) Estimated Specific Heat Capacity of Beef Muscle as a Function of Temperature. and [1(b)](#g001){ref-type="fig"}) show that thermal expansion coefficient and specific heat capacity are all temperature dependent parameters.

Water plays an important role in bio-tissues. The total water content of the human skin is 65% and for abdominal muscles it is up to 77% \[[@r24]\]. The dependence of the Gruneisen parameter of water on temperature can be calculated as shown in [Fig. 2(a)](#g002){ref-type="fig"}Fig. 2(a) Gruneisen Parameter of Water Dependence on Temperature. (b) Experimental setup. \[[@r25]--[@r27]\].

3. Experimental setup {#sec1-3}
=====================

The experimental setup diagram is shown in [Fig. 2(b)](#g002){ref-type="fig"}. A continuous wave (CW) diode laser emitting at 800 nm was used for experiments. The laser beam size was 3.5 mm. Linear frequency modulated (LFM) chirp signals (0.3 MHz to 1.3 MHz, 1 ms long) were generated by signal-generation card NI PXI-5421 (National Instrument, Austin, Texas), and utilized for laser modulation. A focused ultrasound transducer (Panametrics-NDT, V314 with −6dB range from 0.59 to 1.2 MHz, focal distance 1.9 inches) was employed as a detector of the photoacoustic signals. The detected signals were amplified by a pre-amplifier (Parametrics-NDT, 5676) first, and then were sent to the digital data-acquisition card NI PXIe-5122 (National Instrument, Austin, Texas). Two thermocouples (K type, Omega) were employed for temperature measurements.

Samples of ink solutions and *ex-vivo* beef muscle were prepared for experiments. The ink solutions were prepared by adding a small amount (about 1%) of liquid ink (Lamp black, Cotman) in distilled water, and the measured attenuation coefficient of the solutions was found to be 3.1 cm^−1^. The *ex-vivo* beef muscle was purchased from a local market, and the samples were packed and kept at 2°C. The measured attenuation coefficient of *ex-vivo* beef muscle was 5.9 cm^−1^.

4. Results and discussion {#sec1-4}
=========================

The speed-of-sound dependence on temperature was measured with two ultrasonic transducers: one worked as transmitter, and the other one played the role of receiver. The delay time of the signals and the distance between the two transducers were measured, thereby allowing the determination of the speed of sound in beef muscle. The measurement results are shown in [Fig. 3(a)](#g003){ref-type="fig"}Fig. 3(a) Speed of Sound of Beef Muscle Dependence on Temperature. (b) Estimated Gruneisen Parameter of Beef Muscle Dependence on Temperature. (c) PA Signal dependence on Temperature (Measured on ink solution, attenuation coefficient μ~eff~ = 3.1 cm^−1^). (d) PA Signal dependence on Temperature (Measured on *ex-vivo* beef muscle, averaged attenuation coefficient μ~eff~ = 5.9 cm^−1^).. It is seen that the speed of sound in *ex-vivo* beef muscle $c_{bf}$ increases from 1574.5 to 1593 m/s between 20 and 45°C.

From the previously estimated thermal expansion coefficient ([Fig. 1(a)](#g001){ref-type="fig"}) and specific heat capacity ([Fig. 1(b)](#g001){ref-type="fig"}), the Gruneisen parameter of beef muscle dependence on temperature was calculated as shown in [Fig. 3(b)](#g003){ref-type="fig"}. The Gruneisen parameter of beef muscle increases linearly between 22°C (0.15) and 37°C (0.21). The averaged experimental mean values and standard deviations of the temperature dependent PA radar signal are shown in [Figs. 3(c)](#g003){ref-type="fig"} and [3(d)](#g003){ref-type="fig"} for the ink solution and beef muscle, respectively. It can be seen that the PA radar signals increase monotonically with rising temperature from 20 to 45°C. Theoretically estimated PA radar ([Eq. (1)](#e1){ref-type="disp-formula"} results are also shown for comparison. There is a good correlation between the theory and experimental data for the ink solution. For the results with beef muscle, the PA data exhibit less, yet reasonable, agreement with the theoretically estimated values ([Fig. 3(d)](#g003){ref-type="fig"}). The relative increases for ink solution and beef muscle are 112% and 135% from 20 to 45°C. These results are consistent with the findings from other research where the signal dependence on temperature was found using pulsed PA methods \[[@r13],[@r14]\].

The attenuation coefficient dependence on temperature of the ink solution and the *ex-vivo* beef muscle was also studied. The results did not show any changes in the temperature range 20 to 45°C. This is in agreement with an earlier report \[[@r13]\]. The phase signals of the ink solution and beef muscle also did not exhibit any temperature dependence in the experimental results.

The experimental setup (shown in [Fig. 4(a)](#g004){ref-type="fig"}Fig. 4(a) Experimental setup for PA radar imaging depth dependence on temperature. (b) PA radar signal dependence on temperature (measured on *ex-vivo* beef muscles).) for studying imaging depth improvement with increased temperature consisted of a box filled with 0.47% intralipid solution as a scatterer \[[@r28]\]. The tested *ex-vivo* beef muscle samples were placed inside the box, and the box was moved by micrometer stages to simulate different absorber depths. In each case the foregoing heating experiment was repeated. [Figure 4(b)](#g004){ref-type="fig"} shows the experimental results of the imaging depth study at various temperatures: Between 20 and 43°C the maximum imaging depth was doubled, and increased monotonically from 11 mm to 24 mm. At 37°C, the imaging depth was 19 mm, but increased to 22 mm at 41°C, and 24 mm at 43°C. The signal strength increase was about 91% from 20 to 37°C (13% from 37 to 43°C). The SNR increased by 52% from 20 to 43°C (8% from 37 to 43°C).

5. Conclusions {#sec1-5}
==============

A study of the temperature-dependent photoacoustic signal for depth improvement was undertaken. Experimental validation was performed using the PA radar modality. The speed of sound, thermal expansion coefficient and specific heat capacity were calculated theoretically and were found to be factors contributing to the increase of the Gruneisen parameter and the PA amplitude (the peak of cross-correlation) with temperature. The experimental results confirmed the theoretical temperature dependence of the Gruneisen parameter. The study showed that the thermally enhanced PA radar can increase the signal strength 13% and the imaging depth over 20% with a temperature increase from 37 to 43°C.
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